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FOREWORD

Progress in climate research will depend on the availability of a variety of geophysical
data sets that describe the boundary conditions and internal and external forcings of the
climate system. The importance of such data is underscored in the 5-Year Plan for the U.S.
National Climate Program, in which NASA plays a major role.

The polar regions constitute a key component of the climate system, particularly re-
garding the annual cycle of sea ice advance and recession. The principal interactions involve
ice-albedo feedback that affects the Earth's radiative balance, which in turn drives the
atmospheric and oceanic circulation system. The presence of sea ice also serves to limit
the interface between the polar atmosphere and ocean, thus constraining the transfer of
sensible heat.

A principal NASA contribution to the National Climate Program derives from broad
applications of space technology. The unique perspective from space provides the opportu-
nity for continuing global synoptic observations well suited for establishing the most critical
climate data sets, including sea ice. This publication summarizes the Antarctic sea ice cover
observed by the Nimbus 5 research satellite over the period 1973-1976. It is hoped that this
information will be a useful reference to climatologists and cryospheric scientists.

Robert A. Schiffer
Manager, Climate Research Program
Office of Space Science and Applications

David Atlas

Chief, Laboratory for Atmospheric Sciences
Goddard Space Flight Center
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PREFACE

This volume signals a striking step forward in both the technology of remote sensing of
the Earth's environment from satellites and the provision of new and important geophysical
data on the Antarctic. Furthermore, it again reminds us of the crucial role that the Antarctic
plays as an indicator of climatic changes and as a crucial component of the system that deter-
mines our climate. I will briefly explain each of these points.

It has always been the dream of meteorologists and oceanographers to visuali7e the

Earth's restless covering of air, water, and ice in three dimensions, and to follow its changes

in time. The first meteorological satellites did indeed give us a global picture of the cloud

patterns, using visible and infrared sensors, but we could not look through those clouds to
follow what was happening at the surface. Microwaves can penetrate clouds, however, and
the opportunities that microwave radiometers could provide were clearly seen and pursued
by the late William Nordberg and his colleagues at the Goddard Space Flight Center and
elsewhere. The result of many years of development effort culminated with the Electrically

Scanning Microwave Radiometer (ESMR-affectionately pronounced "Esmer") that flew on
Nimbus 5, launched in.December 1972. This instrument could detect the thermal micro-
wave (1.55 cm) emission from an area on the ground or the surface of the ocean about 30

by 30 kilometers in size, and the "spot" could be electrically scanned across the satellite
path to create synoptic coverage after several orbits. The data obtained by ESMR during the

subsequent 4 years are summarized here in the form of maps.
The sea ice data from ESMR will be of interest to all those concerned with the Antarctic

(or sea ice generally), from the navigators of ocean vessels who must penetrate the pack ice
to climatologists seeking further clues to the heat balance of the Southern Hemisphere. The
data are marvelously presented in the form of color-coded maps of the Antarctic and the
southern oceans that show "brightness temperatures" and "concentrations of pack ice,"
averaged for each month, 4-year monthly averages, month-to-month changes, and so forth.

There are also graphs summarizing the results, such as areas of sea ice as a function of time
in the various sectors of the southern ocean. The text explains in detail how this marvel of

computer-drawn graphics was achieved, although the authors are modest in glossing over the
enormous effort required to perfect the computer software.

Some important facts have already emerged from the analysis presented in this volume-
facts that raise a host of highly intriguing questions. For example:

"* What is the significance of the steady shrinking of the average total area of sea ice

during this 4-year period? (See Chapter 5.)

"* Why has this general retreat varied so greatly between the different sectors of the
southern ocean?

"rii



" How does one explain the unexpectedly large and shifting areas of open water
(polynyas) within the ice pack, even in winter?

"* Why does the ice pack area shrink so rapidly in spring compared to its growth in
the fall?

" How does the ice pack interact with the atmosphere and ocean circulations, and
how does it influence the processes that form intermediate and bottom water?

Thus, this atlas opens up a number of lines of investigation that can now be pursued
further with this treasury of data. But I hasten to add that this volume is much more than a
data set-it includes what is, in effect, a treatise or textbook on the subject of polar sea ice
and the remote sensing of it with microwaves. The text has been prepared by acknowledged
experts in the several fields involved. It explains, at least in a preliminary way, what the data
mean in terms of the physics and dynamics ot sea ice.

In the process of planning the U.S. National Climate Program and clarifying the role to
be played by the various Federal agencies, it became clear that NASA would have to bear
the primary responsibility for developing and demonstrating new satellite techniques for
studying the factors governing our climate. This volume is good evidence that NASA is con-
tinuing to fulfill this part of its mission.

Now that the sea ice team has given birth to this fine compilation-and in the process
has presumably solved the many data reduction and presentation problems-we can look
forward to further reports on subsequent observations from satellites. There have been other
scanning microwave radiometers flown since Nimbus 5. Furthermore, let us not forget the
Arctic and its ice pack. We can hope that NASA will not rest on its laurels before giving the
world more of this invaluable new information.

William W. Kellogg
Senior Scientist
National Center for Atmospheric Research
Boulder, Colorado
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SUMMARY

Sea ice is an important, highly variable feature of tile Earth's surface, both reflecting

and influencing climatic conditions. Sea ice covers approximately 7 percent cf the world's

oceans, significantly reduces the amount of solar radiation absorbed at the Earth's surface.
greatly restricts the transfer of heat from the ocean to the atmosphere in winter, and influ-

ences global atmospheric and oceanic circulation. In this document, the sea ice distribution

of the Southern Hemisphere is described in detail for the 4-year period 1973 through 1 197 6 ,
a period marked by the advent of satellites with passive microwave inagers that have pro-

vided unique data on this remote region of the world's ocean.

The extent and distribution of Antarctic sea ice is determined by using data from the

Electrically Scanning Microwave Radiometer (ESMR) on the Nimbus 5 satellite. I-or 41

months of the 4-year period, microwave brightness temperatures in monthly averages are
displayed in color-coded polar maps. The large contrast between the microwave emissivity

of open water compared to that of sea ice enables a conversion of the brightness tempera-

tures to sea ice concentration (the percentage of ocean area covered by sea ice). The result-

ing sea ice concentrations are also displayed in monthly averaged maps, and variables such as

the total areal extent of sea ice, the area of ice in various concentration categories, and the

area of actual ice coverage are plotted both for the southern ocean as a whole and for each

of five sectors: the Weddell Sea (60'W - 20°E), the Indian Ocean (20" - 90'E), the Pacific

Ocean (90' - 160' E), the Ross Sea (1600E - 130 0 W), and the Bellingshausen-Amundsen

Seas ( 1300 - 60 0 W).

The characteristics of the southern ocean, bounded to the south by the Antarc~ic Con-

tinent and unbounded to the north, include a westward flow near the continent and an east-

ward circumpolar current near the northern reaches of the sea ice cover. The ESMR data

reveal many details of the distribution and dynamics of the Antarctic sea ice cover, such as

irregularities in the outer boundary that are presumably caused by ocean currents or by

variations in atmospheric circulation and surface winds. In general, the extent of ice cover-

age increases from a minimum of 4 X 106 square kilometers in February to a maximumn of

20 X 106 square kilometers inl September, with a greater rate of ice decay in spring than rate

of growth inl fall. Within the sea ice pack, mean ice concentrations range from about 50 per-

cent in summer to about 80 percent in winter, indicating the existence of more open water

in leads and polynyas within the ice pack than was previously known. Open watcr is meas-

ured in ice-free polynyas that are larger than the 30-kilometer microwave resolution and in

regions of reduced average ice concentrations caused by numerous leads and polynyas

smaller than 30 kilometers. Around most of the continent, except in the western Weddell

Sea and the Bellingshausen-Amnundsen Seas, the ice edge retreats to the coast in summer.

Considerable interannual variability and interregional contrast occurs in the ice cover.
Although the total sea ice coverage decreased significantly (by 10 percent in the annual
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mean) over this 4-year period, the behavior was not the same in all regions or all seasons.
Most of the overall decrease was due to the large 23-percent decrease in the Weddell Sea
sector, where the maximum winter ice extent was several hundred kilometers less and a
very large open-water area, the Weddell polynya, persisted throughout the winters of the
latter 3 years. The Weddell polynya, which drifted westward both within each of the three
winter seasons and from one winter to the next, accounted for only part of the overall
decrease in ice cover. In the Weddell Sea and Pacific Ocean sectors, the ice extent decreased
in all seasons, with the largest single-month percentage decreases occurring in December for
the Weddell Sea and in October for the Pacific Ocean. The decreases in these cases were `Y
and 30 percent, respectively. In the other sectors, the sea ice extent increased over the 4-
year period for some seasons and decreased for others. The high degree of interannual
variability of sea ice precludes the determination of long-term trends from such a short
record, but the images in this document demonstrate that satellite microwave data provide
unique information on large-scale sea ice conditions, information that is needed for deter-
mining climatic conditions in polar regions and possible global climatic changes.
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1

INTRODUCTION

Antarctic sea ice is a highly variable feature of Sea ice occurs in many physical forms (WMO,
the Earth's surface. Each year it recedes from its 1970; and Armstrong et al., 1973), varying from
maximum area of approximately 20 X 106 square fine ice particles suspended in water to thick multi-
kilometers in September to its minimum area of year ice floes. Some small-scale characteristics of
approximately 4 X 106 square kilometers in sea ice are illustrated in photographs from the Wed-
February. As a variable ice feature, the area of sea- dell Sea (Figures 1-1 through 1-5). Generally, ice
sonal sea ice is exceeded only by the seasonal snow crystals that form in near-surface waters coalesce
cover on the continents in the Northern Hemisphere. into several forms and by accretion grow into
Although the areal extent of winter sea ice in the relatively flat sheets or floes varying in size from
southern ocean is 50 percent larger than the area of about 20 meters to many kilometers across. Thick-
permanent ice cover on the continent, the volume nesses of ice floes are usually in the range of a few
of sea ice is 1000 times less than that of continental tens of centimeters to several meters. The physical
ice. These general characteristics of Antarctic sea and chemical structure of sea ice is aftfcted by
ice were known decades before the advent of obser- snowfall, brine drainage in the upper layers, and
vations from space, but with recent satellite micro- other aging processes. Stresses acting on the ice
wave sensors, not only the extent of the ice but induce deformation in the form of ridging, over-
also the area of open water in polynyas and leads riding or rafting, and fractures that form linear
within the ice pack has been obtained. This docu- openings in the ice pack called leads and nonlinear
ment presents a detailed analysis and description of openings called polynyas. Figure 1-4 shows various
the growth, decay, regional characteristics, and areas of open water, new ice forms, and older ice
interannual variations of Antarctic sea ice based on floes showing signs of past deformations.
passive microwave observations for the period The relationship between climate and sea ice is
1973 through 1976. complex. Regional and global changes in ice extent

The variable year-to-year positions of the sea ice influence oceanic and atmospheric conditions,
edge at its winter maxima and its summer minima which in turn influence the distribution of sea ice.
have often been used as indicators of changes in glo- The freezing of ocean water to form sea ice, the de-
bal climate. Generally, sea ice extends farther from formation of sea ice by winds and ocean currents,
the poles during colder climatic periods (Lamb, and the melting of sea ice are all interactive pro-
1972) such as the Little Ice Age in the eighteenth cesses. The physical processes involve sensible and
century and the last glaciation of the Pleistocene latent heat transfer, wind stress, ocean heat flux.
epoch, which ended approximately 10,000 years solar radiation, cloud cover, ocean currents, ice
ago. For the distant past, information on the loca- drift, and other factors. In spring and summer, for
tion of the ice edge has been deduced from the example, the presence of the highly reflective sea ice
geologic record in sea-floor sediments. For the past greatly decreases the amount of solar radiation ab-
several centuries, this information has been supple- sorbed at the Earth's surface. In winter, the sea ice
mented by historical records for select locations acts as an insulator between the cold polar atmo-
such as Iceland. For recent decades, a more detailed sphere and the relatively warm ocean surface,
record of sea ice has been obtained from numerous greatly restricting exchanges of heat and mass be-
ship, aircraft, and satellite observations. tween the ocean and the atmosphere (Allison et al.,



Figure 1-1. Surface view of sea ice floes near the northern sea ice edge in the Weddell Sea,
with approximately 1-meter-tall Emperor penquin. Open water in the foreground between
the ice floes does not show signs of new ice formation. Snow depth of 10 to 20 cm thickness
on the ice floes is a typical feature of this region. Substantial ice ridging is evident in the
background. (Courtesy of S. Ackley, Cold Regions Research and Engineering Laboratory

(CRREL).)

• -

Figure 1-2. Surface closeup view of ice ridging showing ice blocks about 1 to 1.5 m in height.
Snow cover on the ridges indicates ridge formation several days before the photograph was
taken. (Courtesy of S. Ackley, CRREL.)
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Figure 1-3. Aerial view of ice in the southern Weddell Sea, where the ice is generally younger
and thinner than the ice that has drifted northward (Figures 1-1 and 1-2). The large gray or
gray-white floes in the center and lower right appear to be remnants of recent ice growth
(thinner ice is gray) followed by substantial deformation probably due to both wind and
ocean waves within the ice pack. The deformation also created large amounts of highly frac-
tured ice between the larger floes. The presence of some ridged ice, shown here in the upper
left, is a typical feature. (Courtesy of S. Ackley, CRREL.)

Figure 14. Aerial view near the ice edge showing bands of sea ice with ice floes surrounded
by thin gray ice, which is approximately 10 cm thick. The bright areas of sunglint on the
right indicate ice-free water. Some of the dark areas between the ice bands contain a soupy
layer of grease ice, which dampens the small ocean waves and reflects little light. The larger
wind drag acting on the ice floes causes separation into bands of ice and open water, a pro-
cess that accelerates ice melting in spring due to the lower albedo of the ocean between the
ice bands. (Courtesy of S. Ackley, CRREL.)

.3



Figure 1-5. Isolated floes of snow-covered ice with no signs of new thin ice. In this inter-

mediate stage of deterioration, most of the thinner ice has melted. The thicker floes have
been melted along the edges by the warmer ocean water, as shown by the portions of the
larger floes that are below sea level and therefore appear light blue in color. At this point,
melting could proceed rapidly because the decreased compaction enhances the solar radia-
tion absorption in the open water and the possibility of wave action on the floe edges.
(Courtesy of S. Ackley, CRREL.)

1982; Maykut, 1978; and Untersteiner, 1961 ). The The causes and the effects of observed variations
open water created within the ice pack by the differ- in the ice cover are not well understood. Better
ential motion and cracking of the ice is particularly understanding of the climatic significance of ob-
important because the release of heat to the atmo- served changes, in particular, requires improved
sphere from the open water is up to 100 times knowledge of the physical processes, as well as an
greater than the heat conducted through the ice. accurate long-term record of ice conditions. The
In spring, the amount of open water within the ice purpose of this document is to present a compila-
pack is also significant because the solar radiation tion and analysis of satellite data on sea ice for the
heats the water, which in turn heats the ice indi- 4 years 1973 through 1976, which should be the
rectly much faster than the direct solar radiation. beginning of a long-term detailed climatic record of
The ejection of salt during ice growth and the input global sea ice conditions. Even with only a 4-year
of relatively fresh water to the ocean mixed layer period, the analysis provides new insights to the
during ice melt both influence the circulation of nature of the sea ice cover and its variations. The
ocean waters. In particular, salt ejection tends to sea ice distributions obtained may be used for addi-
deepen the mixed layer and, in regions with weak tional studies of climate, atmospheric processes,
or unstable density structures, to induce bottom- and oceanic processes. As the microwave observa-
water formation. In addition, the movement of the tions show, the icr "over often decreases in one
ice northward produces a negative heat transport region while increasing in another for reasons that
and a positive freshwater transport. These are are not fully understood. Regional differences dur-
examples of some of the dominant interactions in- ing 1973 through 1976 are marked, with ice ex-
volving sea ice. tents decreasing significantly in the Weddell and
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Ross Seas but increasing somewhat over the 4 years 2. BESEX (Joint U.S./U.S.S.R. Bering Sea Ex-
in the Bellingshausen-Amundsen Seas. The overall periment), spring 1973
maximum extent of sea ice decreased by 1.2 million
square kilometers, or 6 percent of the total ice area.
The record of sea ice distributions should also be SkylabrSnow and e r n t
useful for studies of marine resources in sea ice and spring 1973 and 1974
regions and for the planning of operational activi-
ties in the Antarctic. The simultaneous surface, aircraft, and satellite

observations confirmed several applications of the
ning Microwave Radiometer (ESMR), a passive remote sensing of sea ice that are of fundamental
microwave instrument on the Nimbus 5 spacecraft importance. These include the ability to clearly
launched in December 1972. The ESMR instrument distinguish sea ice from open water (Wilheit et al.,
has provided the first all-weather, day-or-night 1972; and Gloersen et al., 1975a), to distinguish
capability for observing sea ice that exists in geo- multiyear sea ice from first-year and younger ice
graphical areas that are dark and/or cloud-covered types (Gloersen et al., 1973), to map sea ice con-
much of the year and where surface investigations centration (Gloersen et al., 1974), and to delineate
are extraordinarily difficult. Data obtained by satel- the seasonal variation of ice types (Campbell et al.,
lite microwave imagery are unique for: (1) their 1978). An essential feature of the passive micro-
comprehensive temporal and spatial coverage, and wave techniques is the ability to determine the
(2) their information regarding the amount of open relative areas covered by open water and sea ice
water within the ice pack. The comprehensive even though the separate small areas of open water
temporal and spatial coverage derives from the and ice floes are not resolved by the microwave
ability of the satellite radiometer to detect micro- imagers.
wave radiation from the Earth's surface on repeated
orbital passes along a broad swath in the presence Using the satellite ESM R data, a complete map of
of clouds and in the absence of light. The open- southern ocean brightness temperatures-providing
water information derives from the large contrast a clear delineation of sea ice distribution-has been
between the microwave emission from sea ice and produced for most 3-day intervals during 1973
the much lower emission from sea water, through 1976, with occasional gaps because of in-

Before the ESMR was launched on Nimbus 5, valid or lost data. The spatial resolution of the data
a prototype of the instrument was flown in the is approximately 30 kilometers. The brightness
Arctic in 1967, 1970, 1971, and 1972 on the temperatures have been averaged over monthly
NASA "Galileo-I" Convair 990 Remote Sensing time periods, and for each 30- by 30-kilometer
Laboratory. The first two expeditions led to the map element, monthly sea ice concentrations (per-
discovery of the strong contrast in microwave sig- cent of area covered by sea ice versus open water)
natures of open ocean and sea ice (Wilheit et al., have been derived from the brightness temperatures
1972). The last two expeditions included surface to an estimated absolute accuracy of ±15 percent
measurements from manned drifting ice stations in (e.g., 30 ± 15 percent). Relative accuracy from one
the Beaufort Sea (Campbell, 1973). Within 2 weeks map element to another is much better.
of the launch of Nimbus 5, the ESMR provided the
first all-season and all-weather synoptic views of The following chapters describe the general phys-
the entire Arctic and Antarctic sea ice covers ical characteristics of the southern ocean (Chapter
(Campbell et al., 1974; and Gloersen et al., 1974). 2), the theoretical basis for the microwave interpre-
Quantitative interpretation of the satellite ESMR tations and estimates of accuracy (Chapter 3), the
images has been based on results of a series of com- average annual cycle of sea ice concentrations
bined satellite, aircraft, and in-situ observations (Chapter 4), and the full sequence of monthly aver-
during three major international experiments in the age ice concentrations for 1973 through 1976
1970's, namely: (Chapter 5). Maps of monthly averaged brightness

temperatures for each of the 4 years are included
i. AIDJEX (Arctic Ice Dynamics Joint Experi- in Chapter 3, whereas maps of monthly averaged

ment), spring 1971, 1972, and spring 1975 ice concentrations (derived from the brightness
through spring 1976 temperatures) are included in Chapter 5. Maps of
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4-year monthly averages of sea ice concentration Center, Greenbelt, Maryland 20771, and the World
are included in Chapter 4. Chapters 4 and 5 also in- Data Center A for Glaciology, Boulder. Colorado
clude an extensive set of graphs showing various 80309, and are described in Zwally et al., (1981 )).
aspects of the sea ice cover for the southern ocean Appendix B presents gray-scale images and contour
as a whole and for each of five sectors into which versions of the ice concentration maps of Chapters
the southern ocean has bee1a divided. The text is 4 and 5, and Appendix C presents sample distribu-
supplemented by three appendixes, the first of tions of the area of sea ice as a function of sea ice
which discusses the processing, compilation, and concentration. Overall, the data and the analysis
mapping of the data. (Data are available on mag- presented provide a detailed description of the spa-
netic tape through the World Data Center A for tial and temporal variations of the sea ice and the
Rockets and Satellites/National Space Science Data open water within the southern ocean ice pack.
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2
SOUTHERN OCEAN

2.1 INTRODUCTION scale cyclonic gyre and the topographic barrier of
the Antarctic Peninsula (Gordon, 1981). The large

The southern ocean comprises the water suir- area of compact sea ice remaining each summer
rounding the Antarctic Continent, including the and the occasional occurrence of the Weddell poly-
southernmost parts of the Pacific, the Atlantic, and nya in winter are partial consequences of these
the Indian Oceans. Adjacent to the continent are features. In the Indian Ocean sector (20°W to
the Weddell. Bellingshausen, Amundsen, and Ross 90 0 E) and the Pacific sector (90°E to 160' E), the
Seas (Figure 2-1). The southern ocean is unique continent extends farther from the poles, and in
among the world's oceans because the configura- summer the sea ice edge retreats completely to the
tion of land and water in the Southern Hemisphere coast in many locations. The Ross Sea sector
permits a circumpolar oceanic flow (Figure 2-2). (160°E to 130°W), like the Weddell sector, con-

The only major physical boundaries that constrict tains relatively cold water and a cyclonic circula-

zonal flow are in the Drake Passage/Scotia Sea tion. Although weaker than the gyre in the Weddell

region between South America and the Antarctic Sea, the Ross Sea gyre significantly influences the

Peninsula. In addition, deep passages provide bot- formation of open water near the Ross Ice Shelf

tom water flow equatorward to the adjacent ocean front. The Bellingshausen-Amundsen Seas sector

basins (Heezen et al., 1972). The Antarctic Conti- (130°W to 60°W) is characterized by strong strati-

nent provides the southern boundary of the fication in the tipper ocean water that contributcs
southern ocean, whereas the northern boundary to the retention of a large summer ice cover.
may be considered to be 500S, which is the ap-
proximate position of the Antarctic polar-front 2.2 TEMPERATURE AND WATER-
zone. The polar-front zone is characterized by MASS STRUCTURE OF THE
relatively large meridional gradients of temperature, SOUTHERN OCEAN
salinity, and density associated with the Antarctic
circumpolar current and several mid-ocean ridge Figure 2-4 is a schematic meridional cross sec-
systems. The important distinction between this tion of water-mass characteristics. Typically,
frontal boundary and a landmass barrier is its temperatures decrease with increasing latitude. The
permeability. In fact, the fluxes of heat, salt, and two major exceptions to approximate radial sym-
nutrients across this interface are significant factors metry occur in the Drake Passage/Scotia Sea region
in global oceanic budgets. More detailed descrip- and in the western Weddell Sea. In the Weddell,
tions of the southern ocean appear in Deacon poleward-flowing water is turned equatorward by a
(1937, 1979), Taljaard et al. (1969), Gordon and deep gyre, wind-stress vorticity, and the continental
Goldberg (1970), Heezen et al. (1972), and barrier (Deacon, 1979). The most abundant water
Gordon and Molinelli (1982). type, the circumpolar deep water extending from

To examine regional behavior of the sea ice a depth of a few hundred meters to a depth of near
cover, the southern ocean is divided into five sec- 4 kilometers, has temperatures above 0.50C and
tors, each characterized by various regional oceano- salinities above 34.65 parts per thousand (Deacon,
graphic and meteorological features (Figure 2-3). 1933, 1937; and Gordon and Molinelli, 1982). The
The Weddell Sea sector (60°W to 200E) contains circumpolar deep water can be identified in vertical
relatively cold ocean waters influenced by a large- profiles by its characteristic temperature maximum,
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